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TUNABLE LINEAR OPERATIONAL 
TRANSCONDUCTANCE AMPLIFIER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a translation of, and claims pri 
ority from, Chinese Application for Patent No. 
200810130712.X, ?led Jun. 27, 2008, the disclosure ofWhich 
is hereby incorporated by reference for all purposes. 

FIELD OF THE INVENTION 

[0002] The invention relates to an operational transconduc 
tance ampli?er (OTA), and particularly to a tunable linear 
OTA. 

BACKGROUND 

[0003] An OTA produces an output current responsive to a 
differential input voltage. A conventional OTA 100 is shoWn 
in FIG. 1. The OTA 100 includes a voltage to current con 
ver‘ter 104 comprising OpAmps 108 and 112, CMOS transis 
tors 116 and 120, and a coupling resistor 124. The OpAmp 
108 includes a non-inverting terminal 109 to Which is applied 
a voltage Vim. The OpAmp 108 includes an output terminal 
110 to Which is coupled a gate terminal 117 of the transistor 
116. An inverting terminal 111 of the OpAmp 108 is coupled 
to a source terminal 118 of the transistor 116. 

[0004] The OpAmp 112 includes a non-inverting terminal 
113 to Which is applied a voltage Vin_. The OpAmp 112 
includes an output terminal 114 to Which is coupled a gate 
terminal 121 of the transistor 120. An inverting terminal 115 
of the OpAmp 112 is coupled to a source terminal 122 of the 
transistor 120. 

[0005] Responsive to a difference measurement (V im 
Vl-n_), With Vin+ and VM_ being applied to the non-inverting 
terminal 109 and 113 of the respective OpAmps 108 and 112, 
the voltage to current converter 104 generates currents Il-+ and 
Il-_. A ?rst current mirror 128 includes CMOS transistors 136 
and 140. The transistor 136 includes a gate terminal 137 to 
Which is coupled a gate terminal 141 of the transistor 140. The 
transistor 140 includes a drain terminal 142 to Which is 
coupled the gate terminal 141. The transistor 137 includes a 
drain terminal 138 coupled to a ?rst output terminal. The 
transistor 136 includes a source terminal 130 to Which is 
coupled a source terminal 143 of the transistor 140. The 
current mirror 128 ampli?es the current Ii+ to generate a 
current I0+. 
[0006] A second current mirror 132 includes CMOS tran 
sistors 144 and 148. The transistor 144 includes a gate termi 
nal 145 to Which is coupled a gate terminal 149 of the tran 
sistor 148. The transistor 144 includes a drain terminal 146 to 
Which is coupled the gate terminal 144. The transistor 148 
includes a drain terminal 150 coupled to a second output 
terminal. The transistor 144 includes a source terminal 147 to 
Which is coupled a source terminal 151 of the transistor 148. 
The current mirror 132 ampli?es the current Il-_ to generate a 
current I0_. 
[0007] The transconductance Gm of the OTA 100 is repre 
sented by the folloWing equation: 

GmII/Rg, Where Rg is the value ofthe resistor 124 (1) 
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[0008] It Will be appreciated that the transconductance Gm 
of the OTA 100 is linear because Gm is determined solely by 
Rg. HoWever, since Rg is constant, the transconductance Gm is 
not easily adjustable. 
[0009] Another conventional OTA 200 is shoWn in FIG. 2. 
The OTA 200 is similar in all respects to the OTA 100 (shoWn 
in FIG. 1) except that the coupling resistor 124 is replaced by 
coupling transistors 204 and 208. The source terminals 225 
and 226 of the respective transistors 204 and 208 are coupled 
to the source terminal 118 of the transistor 116. The drain 
terminals 227 and 228 of the respective transistors 204 and 
208 are coupled to the source terminal 122 of the transistor 
112. A voltage VTis applied to gate terminals 212 and 216 of 
the respective transistors 204 and 208. 
[0010] The transconductance Gm of the OTA 200 is deter 
mined by the on-resistance value of the coupling transistors 
204 and 208. Since the on-resistance of the coupling transis 
tors 204 and 208 may be adjusted by the voltage VTapplied to 
the respective gate terminals 212 and 216 of the transistors 
204 and 208, the transconductance Gm may be adjusted (i.e., 
Gm is tunable). HoWever, the on-resistance of the coupling 
transistors 204 and 208 also varies non-linearly depending on 
V1, thereby introducing non-linearity in Gm and decreasing 
the accuracy of Gm. 

SUMMARY 

[0011] A tunable, linear operational transconductance 
ampli?er includes a differential voltage to current conversion 
unit adapted to generate ?rst and second output signals at 
respective ?rst and second output nodes responsive to ?rst 
and second differential input signals. A ?rst current ampli? 
cation unit is adapted to generate a third output signal respon 
sive to the ?rst output signal and ?rst and second control 
signals. A second current ampli?cation unit is adapted to 
generate a fourth output signal responsive to the second out 
put signal and the ?rst and second control signals. 
[0012] The differential voltage to current conversion unit 
includes ?rst and second operational ampli?ers each having a 
respective non-inverting input terminal to Which one of the 
respective ?rst and second differential input signals is 
applied. A ?rst transistor is coupled to the ?rst operational 
ampli?er and is adapted to generate the ?rst output signal at 
the ?rst output node. A second transistor is coupled to the 
second operational ampli?er and is adapted to generate the 
second output signal at the second output node. A resistor is 
connected betWeen the ?rst and second output nodes. 
[0013] The ?rst current ampli?cation unit includes third 
and fourth operational ampli?ers each having a respective 
non-inverting input terminal to Which the respective third and 
fourth differential input signals is applied. The ?rst current 
ampli?cation unit further includes third and fourth transistors 
each having a respective gate terminal coupled to an output 
terminal of the respective third and fourth operational ampli 
?ers. The ?rst current ampli?cation unit further includes a 
?rst current mirror circuit coupled betWeen the third and 
fourth transistors. 

[0014] The second current ampli?cation unit includes ?fth 
and sixth operational ampli?ers each having a respective 
non-inverting input terminal to Which the respective third and 
fourth differential input signals is applied. The second current 
ampli?cation unit includes seventh and eighth transistors 
each having a respective gate terminal coupled to an output 
terminal of the respective ?fth and sixth operational ampli? 
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ers. The second current ampli?cation unit further includes a 
second current mirror circuit coupled betWeen the seventh 
and eighth transistors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] For a more complete understanding of the features, 
example embodiments and possible advantages of the present 
invention, reference is noW made to the detailed description 
of the invention along With the accompanying ?gures and in 
Which: 
[0016] FIGS. 1 and 2 illustrate conventional OTAs; and 
[0017] FIG. 3 illustrates a tunable, linear OTA in accor 
dance With one example implementation. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 3 illustrates a tunable, linear OTA 300 in accor 
dance With one example implementation. The OTA 300 
includes a voltage to current converter 304 having OpAmps 
310 and 334, CMOS transistors 320 and 344, and a coupling 
resistor 330. 
[0019] The transistors 320 and 344 each receive a current 
Ibl-as at respective drain terminals 324 and 348. The OpAmp 
310 includes a non-inverting input terminal 312 to Which is 
applied a differential input voltage Vim. The transistor 320 
includes a gate terminal 322 to Which an output terminal 314 
of the OpAmp 310 is coupled. The OpAmp 310 includes an 
inverting terminal 316 to Which a source terminal 326 of the 
transistor 320 is coupled. 
[0020] Similarly, a differential input voltage Vin_ is applied 
to a non-inverting input terminal 336 of the OpAmp 334. The 
OpAmp 334 includes an output terminal 338 to Which a gate 
terminal 346 of the transistor 344 is coupled. The OpAmp 334 
includes an inverting terminal 340 to Which is coupled a 
source terminal 348 of the transistor 344. The resistor 330 is 
coupled betWeen the source terminals 326 and 348 of the 
respective transistors 320 and 344. Responsive to a difference 
measurement (V in+—Vin_), With Vin+ and VM_ being applied 
to respective non-inverting input terminals 312 and 336 of the 
OpAmps 310 and 334, the voltage to current converter 304 
generates currents Ii+ and Il-_. 
[0021] A current ampli?er 350 (indicated by broken lines) 
ampli?es the current Ii+ to generate a current I0+. The current 
ampli?er 350 includes OpAmps 352 and 354, and CMOS 
transistors 356, 358, 360 and 362. The transistors 358 and 362 
are con?gured as a current mirror, With the OpAmps 352 and 
354 controlling the transistors 356 and 360, respectively. 
[0022] The OpAmp 352 includes a non-inverting terminal 
364 to Which is applied a ?rst control voltageVY. The OpAmp 
352 includes an output terminal 366 to Which is coupled a gate 
terminal 370 of the transistor 356. The OpAmp 352 includes 
an inverting terminal 368 to Which is coupled a source termi 
nal 374 of the transistor 356 and a drain terminal 359 of the 
transistor 358. 
[0023] The OpAmp 354 includes a non-inverting terminal 
376 to Which is applied a second control voltage VX. The 
OpAmp 354’s output terminal 380 is coupled to a gate termi 
nal 382 of the transistor 360. The OpAmp 354 includes an 
inverting terminal 378 to Which is coupled a source terminal 
384 of the transistor 360 and a drain terminal 363 of the 
transistor 362. 
[0024] The gate terminal 386 and 388 of the respective 
transistors 362 and 358 are coupled, thus forming a current 
mirror. A voltage level shifter 390 is connected betWeen a 

Dec. 31, 2009 

source terminal 324 of the transistor 320 and the gate termi 
nals 388 and 386. The voltage level shifter 390 applies a gate 
voltage to the transistors 358 and 362, Which operate in the 
triode or linear region. 
[0025] Another current ampli?er 3014 (indicated by bro 
ken lines) includes OpAmps 392 and 394, and CMOS tran 
sistors 396, 398, 3010 and 3012. The transistors 3010 and 
3012 are con?gured as a current mirror, With the OpAmps 392 
and 394 controlling the respective transistors 396 and 398. A 
voltage level shifter 3016 provides the gate voltage to gate 
terminals 3018 and 3020 of the respective transistors 3010 
and 3012. The con?guration of the current ampli?er 3014 is 
similar to that of the current ampli?er 350. 
[0026] The OpAmp 394 includes a non-inverting terminal 
3022 to Which is applied the second control voltage VX, and 
the OpAmp 392 includes a non-inverting terminal 3024 to 
Which is applied the ?rst control voltageVY. As Will be appre 
ciated, responsive to a difference measurement (V X—VY), the 
current ampli?ers 350 and 3014 amplify Ii+ and Il-_ to generate 
I0+ and I0_, respectively. Thus, the voltage difference (VX 
VY) is used to adjust or tune the output of the OTA 300. 
[0027] The OTA 300 exhibits a linear response due to the 
presence of the resistor 330 in the voltage to current converter 
304. Also, responsive to the voltage difference (V X—VY), the 
OpAmps 352 and 354 modulate the gain of the current ampli 
?er 350 and the OpAmps 392 and 394 modulate the gain of 
the current ampli?er 3014, thus alloWing the gain of the OTA 
300 to be easily tuned. 
[0028] The current gain Al- may be represented by the fol 
loWing equation: 

4.1102451014411196 <2) 

[0029] The transconductance Gm of the OTA 300 may be 
represented by the folloWing equation: 

stant (3) 

[0030] It Will be appreciated from equation (3), the 
transconductance Gm of the OTA 300 can be tuned by varying 
the control voltages VX and VY. Also, Gm is linear since K is 
constant. 

[0031] In one example implementation, Rg:l6K Ohm and 
IbZ-GSIZOO uA. Based on one example implementation, the 
calculated tuning range of Gm and the total harmonic distor 
tion as a function of the control voltages VX and VYare listed 
in Table 1 below. 

TABLE 1 

vY vX G111 (s) THD (%) 

100111 1011 21.0911 18.77111 
100111 20111 31.5711 19.53111 
100 111 30 111 42.47 11 20.04 111 

100 111 40 111 53.72 11 20.47 111 

100111 50111 65.2411 21.0011 
100111 60111 76.94u 21.6011 
100 111 70 111 88.76 11 22.29 111 

100111 80111 100.6u 23.04111 
100111 90111 112.611 24.00111 
100111 10011 124.5 11 25.09111 

100111 110111 136.411 26.40111 
100111 120111 148.4u 27.95 111 
100111 130111 160.311 29.80111 
100111 140111 172.111 31.96111 
100111 150111 183.9u 34.55111 
100111 160111 195.711 37.73111 
100111 170111 207.311 41.72111 
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TABLE 1-continued 

vY vX Gm (S) THD (%) 

100m 180m 218.9u 46.74m 
100m 190m 230.411 52.88rn 

[0032] It Will be appreciated from Table 1 that the transcon 
ductance Gm of the OTA 300 is highly linear. As VX varies 
from 70 mV to 140 mV, 

mow/mm) 

varies less than 1%. 

[0033] It Will also be appreciated that one or more of the 
elements depicted in the draWings/ ?gures can also be imple 
mented in a more separated or integrated manner, or even 
removed or rendered as inoperable in certain cases, as is 
useful in accordance With a particular application. 
[0034] As used in the description herein and throughout the 
claims that folloW, “a”, “an”, and “the” includes plural refer 
ences unless the context clearly dictates otherwise. Also, as 
used in the description herein and throughout the claims that 
folloW, the meaning of “in” includes “in” and “on” unless the 
context clearly dictates otherwise. 
[0035] The foregoing description of illustrated embodi 
ments of the present invention, including What is described in 
the Abstract, is not intended to be exhaustive or to limit the 
invention to the precise forms disclosed herein. While spe 
ci?c embodiments of, and examples for, the invention are 
described herein for illustrative purposes only, various 
equivalent modi?cations are possible Within the spirit and 
scope of the present invention, as those skilled in the relevant 
art Will recogniZe and appreciate. As indicated, these modi 
?cations may be made to the present invention in light of the 
foregoing description of illustrated embodiments of the 
present invention and are to be included Within the spirit and 
scope of the present invention. 
[0036] Thus, While the present invention has been 
described herein With reference to particular embodiments 
thereof, a latitude of modi?cation, various changes and sub 
stitutions are intended in the foregoing disclosures, and it Will 
be appreciated that in some instances some features of 
embodiments of the invention Will be employed Without a 
corresponding use of other features Without departing from 
the scope and spirit of the invention as set forth. Therefore, 
many modi?cations may be made to adapt a particular situa 
tion or material to the essential scope and spirit of the present 
invention. It is intended that the invention not be limited to the 
particular terms used in folloWing claims and/or to the par 
ticular embodiment disclosed as the best mode contemplated 
for carrying out this invention, but that the invention Will 
include any and all embodiments and equivalents falling 
Within the scope of the appended claims. Thus, the scope of 
the invention is to be determined solely by the appended 
claims. 

What is claimed is: 

1. A tunable, linear operational transconductance ampli 
?er, comprising: 
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a differential voltage to current conversion unit adapted to 
generate ?rst and second output signals at respective ?rst 
and second output nodes responsive to ?rst and second 
differential input signals; 

a ?rst current ampli?cation unit adapted to generate a third 
output signal responsive to the ?rst output signal and 
?rst and second control signals; and 

a second current ampli?cation unit adapted to generate a 
fourth output signal responsive to the second output 
signal and the ?rst and second control signals. 

2. The operational transconductance ampli?er as recited in 
claim 1, Wherein the differential voltage to current conversion 
unit includes: 

?rst and second operational ampli?ers each having a 
respective non-inverting input terminal to Which one of 
the respective ?rst and second differential input signals 
is applied; 

a ?rst transistor coupled to the ?rst operational ampli?er 
and adapted to generate the ?rst output signal at the ?rst 
output node; 

a second transistor coupled to the second operational 
ampli?er and adapted to generate the second output 
signal at the second output node; and 

a resistor connected betWeen the ?rst and second output 
nodes. 

3. The operational transconductance ampli?er as recited in 
claim 1, Wherein the ?rst current ampli?cation unit includes: 

third and fourth operational ampli?ers each having a 
respective non-inverting input terminal to Which the 
respective third and fourth differential input signals is 
applied; 

third and fourth transistors each having a respective gate 
terminal coupled to an output terminal of the respective 
third and fourth operational ampli?ers; and 

a current mirror circuit coupled betWeen the third and 
fourth transistors. 

4. The operational transconductance ampli?er as recited in 
claim 3, Wherein the current mirror circuit comprises ?fth and 
sixth transistors each having a respective drain terminal 
coupled to a respective source terminal of the third and fourth 
transistors. 

5. The operational transconductance ampli?er as recited in 
claim 4, Wherein a gate terminal of the ?fth transistor is 
coupled to a gate terminal of the sixth transistor. 

6. The operational transconductance ampli?er as recited in 
claim 3, Wherein the third and fourth operational ampli?ers 
each have a respective inverting terminal coupled to the drain 
terminal of the respective ?fth and sixth transistors. 

7. The operational transconductance ampli?er as recited in 
claim 4, further comprising a ?rst voltage level shifter 
coupled to the gate terminals of the ?fth and sixth transistors 
and adapted to apply a gate voltage. 

8. The operational transconductance ampli?er as recited in 
claim 1, Wherein the second current ampli?cation unit 
includes: 

?fth and sixth operational ampli?ers each having a respec 
tive non-inverting input terminal to Which the respective 
third and fourth differential input signals is applied; 

seventh and eighth transistors each having a respective gate 
terminal coupled to an output terminal of the respective 
?fth and sixth operational ampli?ers; and 

a current mirror circuit coupled betWeen the seventh and 
eighth transistors. 
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9. The operational transconductance ampli?er as recited in 
claim 8, Wherein the current mirror circuit comprises ninth 
and tenth transistors each having a respective drain terminal 
coupled to a source terminal of the respective seventh and 
eighth transistors. 

10. The operational transconductance ampli?er as recited 
in claim 9, Wherein a gate terminal of the ninth transistor is 
coupled to a gate terminal of the tenth transistor. 

11. The operational transconductance ampli?er as recited 
in claim 8, Wherein the ?fth and sixth operational ampli?ers 
each have a respective inverting terminal coupled to the drain 
terminal of the respective ninth and tenth transistors. 

12. The operational transconductance ampli?er as recited 
in claim 8, further comprising a second voltage level shifter 
coupled to the gate terminals of the ninth and tenth transistors 
and adapted to apply a gate voltage. 

13. The operational transconductance ampli?er as recited 
in claim 1, Wherein a transconductance of the ampli?er is 
controlled by the voltage levels of the ?rst and second control 
signals. 

14. The operational transconductance ampli?er as recited 
in claim 1, Wherein a transconductance of the ampli?er is 
represented by the folloWing equation: 

Gm:K*(VX/VY), Where Gm is the transconductance, K is a 
constant, and VX and VY are the ?rst and second control 
signals, respectively. 

15. The operational transconductance ampli?er as recited 
in claim 1, Wherein the ampli?er is implemented as a semi 
conductor integrated circuit. 

16. A tunable, linear operational transconductance ampli 
?er, comprising: 

a ?rst operational ampli?er having a non-inverting input 
terminal to Which a ?rst differential input signal is 
applied; 

a second operational ampli?er having a non-inverting input 
terminal to Which a second differential input signal is 
applied; 

a ?rst transistor coupled to the ?rst operational ampli?er 
and adapted to generate a ?rst output signal at a ?rst 
output node; 

a second transistor coupled to the second operational 
ampli?er and adapted to generate a second output signal 
at a second output node; 

a resistor connected betWeen the ?rst and second output 
nodes; 

a ?rst current ampli?er adapted to generate a third output 
signal responsive to the ?rst output signal and ?rst and 
second control signals; and 

a second current ampli?er adapted to generate a fourth 
output signal responsive to the second output signal and 
the ?rst and second control signals. 

Dec. 31, 2009 

17. The operational transconductance ampli?er as recited 
in claim 16, Wherein a transconductance of the ampli?er is 
represented by the folloWing equation: 

Gm:K*(VX/VY), Where Gm is the transconductance, K is a 
constant, and VX and VY are voltages of the ?rst and 
second control signals, respectively. 

18. The operational transconductance ampli?er as recited 
in claim 16, Wherein the ?rst current ampli?er includes: 

third and fourth operational ampli?ers each having a 
respective non-inverting input terminal to Which the 
respective ?rst and second control signals is applied; 

third and fourth transistors each having a respective gate 
terminal coupled to an output terminal of the respective 
third and fourth operational ampli?ers; and 

a ?rst current mirror circuit coupled betWeen the third and 
fourth transistors. 

19. The operational transconductance ampli?er as recited 
in claim 16, Wherein the second current ampli?er includes: 

?fth and sixth operational ampli?ers each having a respec 
tive non-inverting input terminal to Which the respective 
?rst and second control signals is applied; 

?fth and sixth transistors each having a respective gate 
terminal coupled to an output terminal of the respective 
?fth and sixth operational ampli?ers; and 

a second current mirror circuit coupled betWeen the sev 
enth and eighth transistors. 

20. A tunable, linear operational transconductance ampli 
?er, comprising: 

a voltage to current converter receiving a differential input 
voltage and outputting ?rst and second currents respon 
sive thereto; 

a ?rst circuit receiving the ?rst current and outputting a 
third current ampli?ed in response to ?rst and second 
control voltages; and 

a second circuit receiving the second current and output 
ting a fourth current ampli?ed in response to the ?rst and 
second control voltages. 

21. The operational transconductance ampli?er as recited 
in claim 20, Wherein a ratio of the third current to the ?rst 
current, and a ratio of the fourth current to the second current, 
is given by a ratio of the ?rst voltage to the second voltage. 

22. The operational transconductance ampli?er as recited 
in claim 20, Wherein the voltage to current converter includes 
a transconductance resistor and Wherein a transconductance 
of the ampli?er is de?ned by K*(VX/VY), Where K is a con 
stant, and VX and VY are ?rst and second control voltages, 
respectively. 


